INTRODUCTION
The use of fluorescence as an analytical and diagnostic tool has become increasingly important in research ranging from fundamental studies in molecular and cellular biology, biological chemistry and biophysics to the applied fields of biotechnology and medicine. The utility of fluorescence-based approaches has been accelerated by the development of advanced techniques and instruments for monitoring and imaging fluorescence responses in diverse and complex systems. Fluorescence is highly sensitive, and most importantly, there are tremendous opportunities for manipulating the structural variety and fine-tuning the photophysical properties of molecular frameworks that exhibit fluorescence. Additionally, methods for the integration of fluorophores into macromolecular targets are rapidly evolving.
In the context of peptide and protein architectures, fluorescence has proven useful in probing protein structure and dynamics, including ligand-induced conformational changes, protein-protein and protein-nucleic acid interactions, protein trafficking, and enzyme activites. [1] [2] [3] The quest for insight into these ubiquitous biological processes, coupled with the limited range of naturally occurring fluorescent amino acids has led to development of versatile approaches for integrating fluorescent (or pro-fluorescent) motifs into peptides and proteins. 4, 5 Currently, one of the most broadly applied methods for covalently labeling a protein with a fluorophore is to co-express the target with a naturally occurring fluorescent protein. Indeed, the discovery of the green fluorescent protein (GFP) 6 and elucidation of the chemistry of the GFP chromophore by Tsien and coworkers has led to substantial improvements, providing an array of multicolored and analyte-responsive fluorescent proteins (FPs) with increased photostability. [7] [8] [9] The success and applicability of fluorescent proteins is underscored by their widespread adoption throughout the research communities as a standard tool in protein imaging.
An alternative approach for covalently labeling target proteins with fluorophores is to exploit protein co-expression fusions that, while not intrinsically fluorescent, may undergo an enzymatic reaction to covalently self-label the encoded fusion tag with a imaging. An alternative tag, based on similar strategy, is the haloalkane dehalogenase (HALO tag), which reacts covalently with halogenated alkanes. 13 In principle, using this approach, any synthesized fluorophore-modified halogenated alkane can be ligated to the fused enzyme, thereby labeling the target protein.
Despite their widespread use, a drawback of fused FPs and self-modifying enzymes is their size (> 20 kDa), which may interfere with the function, localization and native interactions of the target protein. Smaller tags have been developed to address this limitation. For example, encoded amino acid sequences, which bind small molecules or metal ions and become fluorescent (FlAsH, ReASH, RhoBo, etc.), [14] [15] [16] or are recognized by enzymes that can transfer a separate substrate moiety, which is fluorescent or can be orthogonally modified (biotin ligase, sortase, lipoic acid ligase, formylglycine-generating enzyme) have emerged as powerful strategies. [17] [18] [19] [20] A complement to the aforementioned approaches is the application of fluorescent α-amino acid analogues, which have the advantage of being relatively non-perturbing replacements for the native encoded residues, thereby maintaining the overall native structure of a target peptide or protein. In addition, the modularity of α-amino acid building blocks makes them versatile components in the protein assembly toolbox and thus, once syntheses and methods for peptide and protein incorporation are developed new applications can be readily adopted. Finally, the increasing versatility of methods for selective incorporation of synthetic amino acids into peptides through solid phase peptide synthesis (SPPS) or into proteins via expressed protein ligation (EPL) or unnatural amino acid mutagenesis using modified translation systems enables the tailored assembly of innumerable targets with precisely-positioned fluorophores. Importantly, the relatively small molecular framework of typical α-amino acids makes them readily 4 amenable to modifications via organic synthesis, providing a range of fluorophore options with a variety of properties.
SCOPE OF THIS REVIEW
This review will present an overview and analysis of the current literature on fluorescent α-amino acids (FlAAs), which have been incorporated directly into peptides and proteins via chemical synthesis, protein semisynthesis and protein biosynthesis using the protein translation machinery. In particular, we focus on studies in which the integrated FlAA enables new applications in the study of peptide and protein interactions and activities. While we will not discuss the extensive applications of fluorescent labels, which are conjugated to reactive naturally-occurring amino acids (in particular cysteine),
we will additionally present new opportunities for the selective incorporation of fluorophores using unnatural amino acids which can be labeled using bioorthogonal reaction chemistries. Also, the synthesis of described FlAAs will not be discussed in detail, but it is noteworthy to mention the wealth of advancements in the synthesis of α-amino acid including approaches which exploit asymmetric reaction methodologies (e.g. alkylation and hydrogenation), as well as methods which use starting materials from the chiral pool and enzyme-catalyzed resolution. 
SUMMARY OF APPROACHES
The advancement of solid phase peptide synthesis (SPPS) has enabled the incorporation of a wide variety of FlAAs into native peptide environments. In particular, the relatively recent and more widespread use of Fmoc-based SPPS, together with an ever-expanding range of commercially-available and orthogonally-protected amino acids, linker strategies and coupling reagents, which enable employment of milder reaction conditions, has further contributed to the robustness and versatility of SPPS with unnatural amino acids and FlAAs in particular. The motivation for many efforts in this area has been driven by the desire to develop residues with fluorescent side chain functionality that shows more advantageous photophysical properties and a broader range applications than the naturally-encoded fluorescent amino acid -tryptophan. 22 With the need for more diverse and powerful reporter properties, research groups began to take the Techniques based on exploiting an organism's ribosomal machinery can be applied in theory to any protein, and can be particularly important when the target is a large protein that is not amenable to semisynthesis or difficult to site-selectively label with an exogenous reagent. Three main translation-based methods have become widespread: 1) exploiting promiscuity of wild type synthetases and mutants, 23 2) expression using a chemically acylated tRNA which is then introduced into the expression system containing mRNA encoding a nonsense 3-base or 4-base codon. 24-26 or 3) nonsense expression using an evolved orthogonal tRNA/aminoacyl-tRNA synthetase (AARS) pair recognizing a nonsense (commonly UAG or "amber") codon. 27, 28 The final 6 method has resulted in the generation of several evolved tRNA/aaRS pairs, and incorporation of a variety of unnatural amino acids into proteins in E. coli, yeast, and mammalian cells.
IMPLEMENTATION

Probing interactions with solvatochromic FlAAs
One of the earliest extrinsic fluorophores that was applied for monitoring biological processes was the highly environment-sensitive (or solvatochromic) 6-propionyl-2-(dimethylamino)naphthalene (PRODAN, Figure 2 ).
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This fluorophore
shows a modest increase in quantum yield together with a significant blue shift of the emission λ max of up to ~130 nm when changing exposure from aqueous protic to organic aprotic solvents. 29 An α-amino acid building block containing this fluorophore, 6-(2-dimethylaminonaphthoyl) alanine (DANA) was synthesized in 2002, 30 and has found use in peptides for monitoring peptide-protein and protein-protein interactions, where binding events often bring substrates in contact with more hydrophobic surfaces. An early study utilizing DANA illustrated its potential by reporting the binding of the phosphoserinecontaining 14-3-3 peptide to the target 14-3-3ζ-binding protein. 31 By basing the peptide design on the available structural information, DANA was incorporated into the peptide in place of the Tyr residue which was localized at (-)2 relative to the phosphoSer. The residue at the (-)2 position was shown to be buried inside a hydrophobic pocket on binding the target protein by X-ray crystallography. 32 analog of GTP to activate the sensor) showed over a 17-fold increase in fluorescence emission as well as a hypsochromic shift from 534 nm to 514 nm relative to the GDPbound inactive Cdc42. In addition to semisynthesis, native Cdc42 was mutated at residue 9 271 to a cysteine (F271A) based on a previous sensor design, 46 and the mutant was labeled with various 4-DMN thiol-reactive agents with different linker lengths. These sensors produced fluorescence changes ranging from 11-32 fold, underscoring the importance systematic screening to guide the placement of environment-sensitive fluorophores and their utility for reporting on protein interactions.
Another class of environment-sensitive amino acid building blocks based on the dansyl fluorophore, has been exploited for probing protein interactions and protein unfolding. Two amino acids, dansylalanine and dansylysine, show a two-fold increase of quantum yield and ~50 nm hypsochromic shift upon changing from polar to nonpolar environments. 47 The sensitivity of these fluorophores makes them ideal tools for studying structural dynamics in proteins when they are site-specifically positioned in the protein without significant structural perturbation. The Schultz lab has shown, by incorporation into the human superoxide dismutase (hSOD) protein in yeast using an evolved tRNA/leucyl-tRNA synthetase pair, dansylalanine fluorescence intensity can be monitored in the presence of guanidinium hydrochloride to monitor protein unfolding. 48 More recently, a tRNA/tyrosyl-tRNA synthetase pair was used to incorporate a PRODAN amino acid into the same protein to study conformational changes. 49 In a recent study involving mammalian cells, dansylalanine has also been incorporated into neural stem cells using an orthogonal tyrosyl tRNA/TyrRS pair from E. fold. 55 The increase in fluorescence was attributed to a disruption of a π-π interaction between tyrosine and pyrene, corroborated by 2D nOe NMR data showing marked differences in the observed nOes between the pyrene and tyrosine protons in nonphosphorylated and phosphorylated states. 55 The pyrene amino acid approach was further applied in a protein kinase detection assay using a pyrene-containing peptide substrate for a serine kinase (PKA). In the assay, Using an orthogonal tyrosyl amber suppressor tRNA/tRNA synthetase, incorporation of HQ-Ala into a Z-domain protein showed a 14 significant increase in fluorescence at ~540 nm on excitation at 400 nm when titrated with as little as 10 µM Zn 2+ . HQ-Ala was also introduced into O-acetylserine sulfhydrylase protein, incubated with Zn 2+ and crystallized. Solving of the crystal structure showed no differences between the wild type structure and the Zn-coordinated HQ-Ala mutant, suggesting the potential for an alternative to other techniques such as selenomethionine incorporation for providing phasing information.
FlAAs employed in FRET experiments
Fluorophores and FlAAs have experienced much success as diagnostic and basic science tools due to ease in readout and sensitivity. Further information can be extracted by using more than one FlAA, for example in the application of (Figure 8 ). 75 Recently, additional MetRS mutant screening strategies have been employed to further improve efficiency and selectivity for NLL. 76 Overall, the simplicity of the expression protocols for incorporating these analogs, as well as practical modified protein yields, make this a 16 suitable method for fluorescent protein labeling either in vitro or in vivo.
Lemke et. al. demonstrated that 3-azido-7-hydroxycoumarin can also be incorporated into proteins site-specifically via metal-free click chemistry using an unnatural ring-strained-conjugated lysine amino acid based on cyclooctyne. 77, 78 To accomplish this, they employed a pyrrolysine Methanosarcina bakeri/mazei tRNA/pylRS pair evolved by Chin and coworkers. 79 Lemke evolved the pair to accommodate the extra bulk of the cyclooctyne amino acid and used it to incorporate the cyclooctyne moiety into the mCherry protein ( Figure 9 ). Labeling with the fluorogenic coumarin azide confirmed incorporation of the cyclooctyne amino acid, suggesting the potential to tag any protein with a variety of cargo in vivo. Most recently, Chin has evolved this tRNA/pylRS pair to incorporate a norbornene-linked amino acid into sfGFP, myoglobin, and T7 lysozyme. 80 This study showed that norbornene is able to undergo a highly efficient metal-free click reaction with a variety of tetrazine-fluorophore conjugates (TAMRA, BODIPY-TMR, and BODIPY-FL), all of which show quenched fluorescence until being clicked to norbornene ( Figure 9 ). By encoding the norbornene amino acid into an EGFR-GFP fusion, metal-free labeling with a TMR-conjugated tetrazine on a mammalian cell surface could be visualized.
CONCLUSIONS/OUTLOOK
The presented literature review on FlAAs illustrates the importance of having a Even more recently, Schuman and coworkers were able to show that larval zebrafish could metabolically incorporate azidohomoalanine into newly synthesized proteins, which then could be imaged by clicking on an Alexafluor-488-alkyne. 82 As chemistry and biology become further intertwined, FlAAs will continue to be at the forefront of aiding researchers in gaining insight into fundamental yet potent questions regarding life's essential biological functions involving protein interactions, recognition, and synthesis. 
